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ABSTACT 
 Nitrogen (N) availability in poultry litter (PL) applied in the fall as a nutrient source for 
winter wheat (Triticum aestivum L.) has not been adequately characterized.  Our objective was to 
determine a potentially available N (PAN) coefficient based on the inorganic-N fertilizer 
equivalence (FEQ) of fall-applied PL to winter wheat via field and laboratory research.  Wheat 
grown at six site-years received 0, 84 and 168 kg N ha-1 as PL applied preplant and/or at-
planting.  The FEQ of PL-N was based on growth and yield responses of wheat fertilized with 22 
to 191 kg N ha-1 applied in late winter as a urea-ammonium sulfate blend (UASB) which was 
used to calculate PAN.  Tiller number, aboveground N uptake, and grain yield responses to 
UASB-N were characterized using linear and quadratic models.  Soil amended with PL or urea 
was incubated at 5, 15, and 25°C to supplement field research results.  Wheat receiving PL-N 
produced N uptake and yields that were 11 to 43 kg N ha-1 and  297 to 1474 kg ha-1 greater 
(p<0.10) than the no N control.  Application of 168 kg PL-N ha-1 increased tillering and yields 
above that of 84 kg PL-N ha-1 at only three site-years.  Applying litter at planting resulted in 
greater wheat yield at only one of six site-years.  The average PAN coefficients for PL-N were 
0.35, 0.30, and 0.39 kg UASB-N kg-1 PL-N for tiller number, N uptake, and grain yield, 
respectively.  Incubations conducted at 15 and 25°C showed that 19 to 31% of total-PL N was 
recovered as NO3-N with recovery reaching a plateau in 44 and 28 d, respectively.  Based on 
these results plus other Arkansas research, a grain-yield based PAN coefficient of 0.31 kg 
UASB-N kg-1 PL-N provides a reasonable approximation of the availability of PL-N to winter 
wheat.  
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LITERATURE REVIEW 
Introduction 
 The Arkansas poultry industry produces over 1.1 billion broilers (Gallus gallus 
domesticus L.) annually; ranking second in broiler production in the United States (USDA-
NASS, 2010).  Arkansas broiler production is primarily located in the western portion of the 
state with the highest concentration in the Northwest region.  Broiler litter, a byproduct of the 
poultry industry, is a mixture of manure and dry bedding materials such as rice (Oryza sativa L.)  
hulls or wood shavings.  Poultry litter (PL) is well known for its rich supply of plant nutrients 
and, in the past, has been most commonly applied to pastureland near broiler houses.  For many 
years, PL has been applied to Northwest Arkansas pastures at rates that satisfy forage nitrogen 
(N) requirements.  This trend has caused many of the soils in the Northwest Arkansas region to 
develop excessive phosphorus (P) levels.  Soils with high soil-test P have been shown to produce 
surface runoff that is high in dissolved reactive P (Sharpley, 1995; Pote et al., 1999).  As a result, 
environmental concern has been expressed because accumulation of excess soil P can contribute 
to surface water contamination (Delaune et al., 2004).   
 Eutrophication of fresh water is accelerated when P, the most limiting nutrient for algal 
growth, from the landscape is transported and deposited into surface water.  Decades of PL 
application in Northwest Arkansas have increased soil-test P and many areas are now deemed 
Nutrient Surplus Areas (Edwards and Daniel, 1992; Slaton et al., 2004; DeLaune et al., 2006).  
Defined by Arkansas state law in 2004, a Nutrient Surplus Area is a geographic region in which 
the soil concentration of one or more nutrients is so high or the physical characteristics of the soil 
or area is such that continued application of the nutrient to the soil could negatively impact soil 
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fertility and the waters within the state (Arkansas Soil and Water Conservation Commission, 
2004).  As a result, the amount of PL that can be applied to land used for pasture, hay 
production, or both in Nutrient Surplus Areas is restricted or prohibited.  Transporting PL from 
Nutrient Surplus Areas to cropland may be an adequate strategy for decreasing environmental 
impacts (Bosch and Napit, 1992).   
Row crop production dominates eastern Arkansas agriculture rather than livestock and 
forage production as in the western portions of the state.  In 2007, the median soil-test P in soils 
used to produce cool-and warm-season grass hay ranged from 85 to 91 mg kg-1, compared with 
median soil-test P values of 27, 33, and 45 mg kg-1 for soils used to produce rice, soybean 
(Glycine max L.), and winter wheat (Tritcum aestivum L.), respectively (Delong et al., 2008).   
Because grain and fiber crops grown in eastern Arkansas remove large quantities of nutrients 
from the soil and soils have medium to low soil-test P levels (DeLong et al., 2008), 
transportation of PL from Northwest Arkansas to the eastern region is one possible solution to 
Arkansas’ nutrient management dilemma.   
In 2007, Arkansas grew over 3.4 million ha of row crops (USDA Census of Agriculture, 
2007).  Of this area, 331,984 ha were planted in winter wheat (USDA-NASS, 2010).   Slaton et 
al. (2009) reported that Arkansas wheat growers, on average, apply urea at rates ranging from 
100 to 179 kg N ha-1.  Furthermore, winter wheat grain yields are often increased and yield loss 
from leaf rust decreased from P and K fertilization (Snyder and Mascagni, 1998).  Because 
annual applications of N, P, and/or K are necessary to maximize wheat growth and grain yield on 
most soils, PL from Northwest Arkansas may be an excellent, alternative to inorganic fertilizer.   
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The economic fertilizer value of broiler litter must be compared with inorganic N, P, and 
K fertilizers in order to determine if the transportation and application of litter is economically 
viable (Govindasamy et al., 1994).  When considering PL as a fertilizer source, the availability 
and plant uptake efficiency of nutrients in PL must be evaluated to determine its value as a 
fertilizer.  Compared to inorganic fertilizers, PL has much lower nutrient concentrations and 
presents a much bulkier fertilizer to land apply, which increases the cost of transportation.  
Because PL is lower in nutrient content and bulkier to transport than inorganic fertilizers, litter 
compression is a possible solution to promote more efficient transportation (Moore et al., 1995).  
Research has adequately characterized the N availability of PL for summer grown crops like corn 
(Zea mays L.; Sims 1987; Diaz and Sawyer, 2008; Muñoz et al., 2008) and cotton (Gossypium 
hirsutum L.; Sistani et al., 2004; Tewolde et al., 2010), but literature contains few examples 
showing its N availability to winter-grown crops like wheat.  Less organic N in manure is likely 
to mineralize and become plant available for crops grown during the fall and winter months 
when air and soil temperatures are cool (Hadas, 1983).  Thus, research to characterize N 
availability in PL applied in the fall is needed to develop accurate nutrient management 
recommendations for winter wheat.   
The objectives of the following literature review are to: i) characterize the cultural 
management practices used to produce winter wheat in Arkansas, ii) characterize plant 
development and nutrient uptake patterns exhibited by winter wheat, iii) elucidate the physical 
and chemical characteristics of broiler litter, and iv) examine the N-fertilizer value of broiler 
litter, and other manures, for crop production. 
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Wheat Production Practices in Arkansas 
Winter wheat is an economically important crop in Arkansas.  Arkansas producers most 
commonly plant soft red winter wheat in a double-cropping system with soybean because 
harvesting two crops per year increases profits (Johnson et al., 1999).  During the last five years 
(2004-2008), the Arkansas wheat acreage planted has fluctuated from 89,031 to 433,014 ha with 
an average of 85% of the planted area being harvested (USDA-NASS, 2010).  The 2008 wheat 
crop produced an average grain yield of 3,835 kg ha-1, and was valued at $327 million.   
Winter wheat is usually planted in October and November and harvested in late May and 
early June.  Crop progress reports for wheat planted from 2005 to 2009 indicate 50 and 90% of 
the Arkansas wheat acreage is generally planted by 26 October and 23 November, respectively 
(USDA-NASS, 2010). Crop progress statistics also show that 20 and 80% of the wheat was 
headed by 12 April and 3 May.   
Wheat can successfully be produced under a variety of field conditions, but germination 
and growth are optimum when planted in a smooth, firm seedbed.  Although wheat may be 
broadcast seeded, grain drills are the predominate tool used to plant wheat in Arkansas (Johnson 
et al., 1999).  Depending on the previous crop planted, wheat may be planted no-till when 
following soybean or cotton, although tillage is often necessary following crops such as corn, 
grain sorghum (Sorghum bicolor L.), and rice, as the large amount of plant residue may interfere 
with germination (Johnson et al., 1999).  The current seeding rate recommendation for Arkansas 
is 280 seeds m-2 at a 17.8 cm row spacing (Johnson et al., 1999).  However, in other regions of 
the United States, narrower row spacing has increased yield (Joseph et al., 1985; Marshall and 
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Ohm, 1987).  Freeze and Bacon (1990) reported that wheat grown in Arkansas exhibited no yield 
increase with narrower row spacing.   
Wheat grown in Arkansas often requires N, P, and K fertilization to achieve maximum 
yield and maintain soil productivity (Slaton et al., 2007).  Surveys show that about 95% of the 
planted wheat hectares are fertilized with N at an average rate of 119 kg N ha-1 and about 35% of 
the planted hectares are fertilized with P and K at average rates of 21 kg P and 47 kg K ha-1 
(USDA-ERS, 2008).  Fertilizer and custom fertilizer application costs represent about 56% of the 
total direct expenses for wheat production in Arkansas (Stiles and Kelley, 2009).  Nitrogen is 
generally applied as urea in two split applications in late winter (e.g., mid February followed by 
mid March applications).  Current N fertilization guidelines, call for applying 112 to 202 kg N 
ha-1 depending on the previous crop, soil texture, and yield potential (N.A. Slaton, personal 
communication, 2010).  Fall applied N (~40-50 kg N ha-1) is usually needed only when wheat 
follows rice in the crop rotation sequence.  Slaton et al. (2005) showed that urea applied at 
planting was often beneficial to wheat yield, but slightly higher rates of fall-applied N were 
required to maximize wheat yields compared to N applied in the late-winter, which suggests 
lower plant recovery of fall applied N fertilizer.  Wheat is generally considered to be responsive 
to P fertilization in Arkansas soils and fertilization guidelines recommend rates that approach 45 
kg P ha-1 on soils that have a ‘Very Low’ soil-test P level. 
Plant Development and Nutrient Uptake by Winter Wheat 
A number of growth staging systems have been defined to characterize the growth and 
development of wheat.  The Feekes growth scale (Large, 1954) will be used for this project.  The 
Feekes growth scale is divided into several categories for easy field identification.  Feekes stage 
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1 marks seedling emergence, with only one shoot visible above ground.  Feekes stages 2-5 
describe tillering and pseudo-stem erection.  Feekes stages 6-8 marks the jointing stage and the 
first two nodes of the stem are becoming visible.  Wheat plants are undergoing rapid growth, 
with the spike beginning to swell and the flag-leaf becoming visible.  The boot stage occurs in 
Feekes stages 9-10.  The wheat plant is undergoing reproductive growth, with the spike 
continuing to swell.  The boot stage ends when the spike first becomes visible from the boot.  
Heading occurs during Feekes stages 10.1-10.5 and is characterized by all spikes becoming fully 
emerged and anthesis complete.  Grain filling and ripening are described by Feekes stages 11.1-
11.4.  Kernels become milky ripe at 11.1, mealy ripe at 11.2, hardened at 11.3, and ripe for 
harvesting at 11.4.   
Knowledge of wheat growth stages and the pattern of dry matter accumulation are 
important for understanding the quantity and rate of nutrient uptake and developing efficient 
fertilization strategies.  Karlen and Whitney (1980) described dry matter accumulation of hard 
red winter wheat after dormancy to follow a sigmoidal pattern.  Miller (1939) showed that the 
total dry weight of wheat continued to increase until harvest.  Bashir et al. (1997), in Arkansas, 
reported that dry matter accumulation of aboveground parts increased significantly from 
pseudostem erection to dough development, and decreased non-significantly by 3% at maturity.  
Dry matter in the grain accounts for approximately 20 to 40% of the total dry weight, excluding 
roots (Miller, 1939).  Waldren and Flowerday (1979) reported that 38% of the total aboveground 
dry matter was found in the mature grain.   
An understanding of the growth pattern and N uptake of wheat is essential to optimize 
grain yield and reduce N-fertilizer loss.  Insufficient N has been shown to reduce tillering and 
decrease grain yield (Weisz and Heiniger, 2004).  Excess N fertilization can result in increased 
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lodging, harvest delay, and groundwater contamination. The greatest N-fertilizer response for 
wheat grown in Arkansas is most commonly from N applied in late winter rather than the fall 
(N.A. Slaton, personal communication, 2010).  In the spring, N accumulation in the stem and 
leaves begin to decline as the season progresses, whereas accumulation of N in the spike 
increases until maturity.  Van Sanford and Mackown (1987) reported that approximately 83% of 
N in wheat at maturity was present at anthesis, indicating a decrease in N uptake later in the 
growing season.  During grain development, redistribution of N from vegetative plant structures 
supplies a significant portion of the N found in the grain.  Waldren and Flowerday (1979) 
showed that 71% of total plant N was found in the grain at maturity. 
Raun and Johnson (1999) reported that the average N-use efficiency (NUE) of cereal 
grain crops is low, with estimates of 29 and 42% of the applied N-fertilizer being recovered by 
cereal grains produced in developing and developed countries, respectively.  However, Bashir et 
al. (1997) reported that wheat at Feekes stages 8-9 had recovered about 74% of N supplied by 
urea when split applied in late winter.  A variety of N-fertilizer loss mechanisms may contribute 
to the relatively low NUE of cereal crops.  Harper et al. (1987) showed that wheat plants release 
N from tissue in the form of NH3 gas following anthesis.  Denitrification of N-fertilizer can result 
in significant loss of N in cereal production, with 9.5% N loss reported by Aulakh et al. (1982).  
Fertilizer-N lost via NH3 volatilization can also be a significant loss mechanism, although NH3 
volatilization is generally not a major N-loss mechanism in cool-season crops.  Griggs (2004) 
showed that fertilizer-N loss via NH3 volatilization from urea applied to wheat in late winter was 
13% of the total N applied.   Ammonia volatilization generally increases with high temperature, 
high soil pH, and surface residue.  Leaching of NO3 through the soil profile reduces the NUE of 
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wheat, and increases when N-fertilizer is applied at rates exceeding the crop requirement (Raun 
and Johnson, 1995).   
Poultry Litter Characteristics 
 Poultry litter (PL) is characterized as poultry manure mixed with wood shavings, rice 
hulls, or sawdust.  The bedding material is placed on the floor of poultry houses and 
approximately five or six flocks are raised before PL is removed (Moore et al., 1995).  Poultry 
litter is well known as one of the most nutrient-rich of animal manures and is documented to 
increase soil organic matter, elevate water-holding capacity of soil, and improve soil physical 
and chemical properties (Nyakatawa et al., 2001; Brye et al., 2004).  Although PL is a relatively 
inexpensive source of both macronutrients and micronutrients, variable and low nutrient 
concentrations compared to inorganic fertilizer can make PL nutritionally unpredictable and 
bulky to transport.  Because the nutrient concentration of PL is variable, PL should be sampled 
and analyzed for pH, moisture, and plant essential elements before land application (Sharpley et 
al., 2009).  Mitchell and Donald (1995) reported that PL, analyzed on a fresh-weight basis, is 
comparable to a 3-3-2 grade (N-P2O5-K2O) fertilizer.  However, nutrient concentration of PL 
varies considerably.  Malone (1992) reported that the nutrient content of PL is a function of 
management factors such as poultry diet, number of flocks prior to PL removal, and dilution with 
bedding material.   
 Ammonia volatilization can greatly influence the N content of PL.  Edwards and Daniel 
(1992) reported that N lost via NH3 volatilization can decrease the amount of plant-available N 
found in PL.  Factors such as temperature, fertilizer source, and soil pH affect the rate of NH3 
volatilization (He et al., 1999). Amending PL with aluminum sulfate or aluminum chloride in 
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production houses has been shown to decrease NH3 volatilization, boost total N content, and 
increase plant-available N (Moore et al., 1999; Choi and Moore, 2008).  Malone (1992) reported 
that PL treated with phosphoric acid decreased NH3 volatilization, resulting in treated litter 
containing 10% more N than untreated PL.    
 Approximately 75% of the total-N found in PL is in the organic form, with the remaining 
25% as inorganic-N, predominately residing as NH4-N.  Bitzer and Sims (1988) reported that 
most of the N in PL (~60-80%) is in the organic form.  Potentially-available N in litter is 
dependent on the rate at which the organic-N fraction mineralizes.  Mineralization rates of N are 
affected by litter source and management, characteristics of soil to which PL is applied, 
temperature, and moisture.  Nitrogen mineralization is defined by Cabrera et al. (1993) as the 
conversion of organic-N to NH4, a N form that is plant available and useful for microbial 
processes.  Because the greatest percentage of the N in PL is in the organic fraction, 
understanding the rate at which organic-N mineralizes is essential to improving NUE and 
decreasing environmental losses of the nutrients contained in PL.   
The mineralization of organic-N in PL follows a two-step, first-order kinetics process; the 
first step resulting in a fast release of N, followed by a much slower rate of N mineralization 
(Hadas et al., 1983; Gordillo and Cabrera, 1997; Qafoku et al., 2001).  Hadas et al. (1983) 
reported that 34 to 44% of the N in PL was mineralized within the first week for ground and 
pelleted PL incubated at 25 and 35ºC.  Gordillo and Cabrera (1997) showed that 70 to 96% of the 
N mineralized in the rapid first step occurred within 24 h.  Results from the incubation showed 
that over 98% of the N mineralized during the second step was mineralized by 112 d (Gordillo 
and Cabrera, 1997).  Bitzer and Sims (1988) reported that 67% of the total organic N was 
mineralized by 140 d at 23°C.  
 11 
 
Temperature has been shown to affect the rate of N mineralization. The rate of inorganic-
N accumulation decreases with decreasing temperatures (Hadas et al., 1983).  Diaz et al. (2008) 
reported that, on average, 55, 66, and 80% of the total N applied as turkey manure, poultry 
manure, and urea, respectively, was present as NO3-N after 14 d in laboratory incubations 
performed with two soils at 25°C.  Sims (1986) also examined the effects of temperature and 
moisture on the rate of PL N mineralization in laboratory incubations.  Over 90% of the N 
mineralization in a manure sample, occurred by 90 d at temperatures of 25 and 40°C.  However, 
net mineralization of organic N in three PL sources was negligible after 90 d at 0ºC.  Sims (1986) 
concluded that mineralization of organic N in PL occurred at 0ºC, albeit much slower than at 25 
and 40ºC. These results indicate that some mineralization does occur in cold temperatures. 
However, N loss from leaching and minimal crop uptake could possibly reduce the agronomic 
efficiency of PL applied in the fall or winter.  In 2008, 10-cm deep, bare-soil temperatures at 
Marianna, AR, averaged from October to June, ranged from 11.6 to 16.6°C (NCDC, 2008).  
Hadas et al. (1983) showed that PL incubated at 14ºC had similar amounts of mineral N present 
in the soil after 14 d as PL incubated at 25 and 35ºC.  However, the NH4-N concentrations in soil 
amended with PL and incubated at 14ºC remained elevated for a longer period than for the 25 
and 35ºC incubations indicating that nitrification proceeded slower at the cooler temperature.   
Manure type, management, and handling can influence the amount of N in PL that is 
plant available.  A field study conducted by Muñoz et al. (2008) estimated the first-year apparent 
N availability of fresh PL, dried PL, and composted PL, as 57, 53, and 14%, respectively.  Fresh 
PL has higher rates of N mineralization than composted PL; however, N mineralized from 
composted PL is more predictable.  Higher N mineralization rates occur in fresh PL because of a 
lower carbon (C) to N ratio (C:N).  Preusch et al. (2002) reported C:N ratios of fresh and 
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composted PL to be 8:1 to 9:1 and 11:1 to 15:1, respectively. Golden et al. (2006) showed that 
pelleted and fresh PL had comparable C:N ratios, but the pelleted PL had lower moisture content 
and tended to have numerically higher inorganic N concentrations. Pelleted PL undergoes a 
process of drying, heating, and compression during the pelletizing process.  According to Hadas 
et al. (1983), pelleted PL has an increased ratio of readily to slowly mineralizable N when 
compared with non-pelleted, ground manure.  However, the amount of N mineralized from 
pelleted and fresh PL appears to be similar (Hadas et al., 1983; Golden et al., 2006).       
Crop Yield Responses to Manure 
 Research outlined in the previous section showed that 50 to 70% the total N in poultry 
manure/litter is available as inorganic N under warm temperatures (i.e., ~25°C) and should be 
considered as potentially available for crop uptake. Field research has adequately characterized 
the N availability and influence on crop yield of animal manures to summer grown crops such as 
corn. Sims (1987) reported no significant yield differences in corn fertilized with PL compared 
to NH4NO3 in two out of the three study years. The PL N rates used by Sims (1987) were based 
on 80% availability of the inorganic N and 60% availability of the organic N and compared to 
equivalent rates of NH4NO3.  Sims (1987) also suggested that PL and NH4NO3 applied in only 
one year at the minimum rate needed to optimize corn yield provided no significant residual N 
for corn grown two and three years after application. However, when each N source was applied 
in two consecutive years, corn yields during year three (no N applied) were higher in soil 
receiving PL suggesting there is a cumulative residual N effect of applying PL in consecutive 
years. Cusick et al. (2006) determined that the residual N availability of dairy manure was 9-12% 
the second year and 3-5% the third year following a single application.  
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Diaz and Sawyer (2008) concluded that the first-year N availability of poultry manure 
was 48% based on corn grain yield and manure applied in the fall, winter, and spring produced 
similar corn yields in Iowa.  The results from Sims (1987) and Diaz and Sawyer (2008) both 
indicate that 1.6 to 2.0 kg of PL-N produces similar corn grain yields as 1.0 kg of fertilizer N. 
Cooperband et al. (2002) concluded that the total N in PL could be adjusted to recommended 
inorganic fertilizer N rates for corn by considering 50% of the organic N and 80% of inorganic N 
in PL as potentially available. The literature for corn is consistent and suggests that 50 to 60% of 
the total N in PL can be counted towards the recommended inorganic fertilizer N rate. 
Massey (2009) reported first year N availability coefficients of pelleted litter and fresh 
litter, as compared to NH4NO3, to be about 60% for bermudagrass (Cynodon dactylon L.) with 
slightly greater coefficients for the second and third year.  Golden et al. (2006) estimated that 
only 25% of the total N in fresh and pelleted PL was potentially available for flood-irrigated rice, 
but explained the lower potential availability of PL N for rice was due to significant N losses 
following nitrification before flooding and rapid denitrification after flooding.  The low fertilizer 
N equivalence of PL reported for rice (Golden et al., 2006) compared to corn (Bitzer, 1987) 
shows that the N in both PL and inorganic fertilizer is susceptible to N losses under favorable 
conditions.   
 Little information has been reported about the N availability of animal manure and its 
effect on yield of winter crops such as wheat, oats (Avena sativa L.), and barley (Hordeum 
vulgare L.).  Miller et al. (2009) showed that heavy rate (13 to 77 Mg ha-1 dry wt.), long-term 
applications of fresh and composted beef manure to barley grown as silage yielded similar 
aboveground dry matter and total N uptake compared with inorganic-N fertilizer.  Crouse (1993) 
conducted research in North Carolina to determine the N availability of broiler and turkey 
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manure compared to NH4NO3 applied to winter wheat.  Crouse (1993) showed that a simple 
mass N balance was an accurate method to determine actual plant available N (PAN), which 
included N accumulation in wheat at maturity and soil inorganic N remaining after harvest to a 
depth of 90-cm.  Using the simple mass N balance, an approximate 70% error was found in the 
recommendations made by the North Carolina Department of Agriculture for PAN of PL surface 
applied to winter wheat.  However, PAN coefficients were accurate for corn, indicating that PAN 
coefficients were not accurate for predicting available N for cool-season crops.  Wheat grain 
yield in plots receiving PL were comparable to plots receiving equivalent N rates of NH4NO3 in 
the first study year; however, yields from wheat fertilized with PL were lower than equivalent 
NH4NO3 treatments in the second study year.  The second study year most likely experienced 
higher yields in the NH4NO3 treatments because more favorable environmental conditions were 
present during grain fill (Crouse, 1993).  A long-term manure study conducted by Hanks (2007) 
showed that wheat fertilized with PL yielded similarly to inorganic N fertilizer treatments.  
However, the control treatments (received no fertilizers) did not have significantly lower yields 
than treatments receiving N fertilization.  Therefore, N may not have been a yield limiting factor 
at this study site.  In Arkansas, Slaton et al. (2008) showed that approximately 5.6 kg PL-N ha-1 
applied at planting produced equal wheat yields as 1.1 kg urea-N ha-1.  Slaton et al. (2010) 
reported that 168 kg N ha-1 as PL surface applied to wheat in October, December, February, and 
March  produced similar wheat grain yields that were roughly equivalent to the yield of wheat 
receiving 56 kg N ha-1 as urea (split applied in February and March).    
Summary 
 Poultry litter is considered one of the most nutrient-rich of animal manures and may be 
an alternative fertilizer source for row crop farmers in eastern Arkansas.  The need to transport 
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PL out of Northwest Arkansas is present because water quality issues have been associated with 
long-term PL application to pastureland, at rates to satisfy forage N requirements.  Applying PL 
on a N basis to pastureland causes a buildup of soil-test P in the soil far exceeding forage 
requirements, leading to negative environmental impacts.  Row crops in eastern Arkansas 
remove large quantities of nutrients from the soil and have medium to low soil-test P levels 
compared to northwestern Arkansas.  Therefore, transporting PL to eastern Arkansas could 
decrease negative water quality impacts in Northwest Arkansas. 
 On average, Arkansas wheat producers apply approximately 119 kg N ha-1, most 
commonly as urea split applied in February and March (USDA-ERS, 2008; N.A. Slaton, 
personal communication, 2010).  However, recent price increases in inorganic fertilizer has crop 
producers searching for cheaper fertilizer alternatives to meet their crop’s nutrient requirement.  
Currently, there are no recommendations in Arkansas for using PL as a N fertilizer source in 
winter wheat production.  Literature suggests that about 50 to 70% of N in PL becomes available 
during the growing season for summer crops such as corn.  However, the availability of N in PL 
for cool-season crops is not well documented in the literature.  Therefore, research to investigate 
the availability of N in PL when applied to winter wheat is needed.  The objective of this 
research is to determine the inorganic-N fertilizer equivalence of fresh PL applied in the late 
summer or early fall to winter wheat in Arkansas based on total N uptake and grain yield.  The 
ultimate research goal is to develop research-based, N-rate adjustments that account for the 
potentially available N present in PL.          
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CHAPTER 2 
Determination of Poultry Litter’s Nitrogen-Fertilizer Value for Winter Wheat Production 
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INTRODUCTION 
The N availability of poultry (Gallus gallus domesticus L.) litter and other animal 
manures applied to fields that will be planted to summer grown crops such as corn (Zea mays L.) 
has been adequately researched and characterized.  Laboratory trials suggest about 50 to 70% of 
the total N (TN) in PL is mineralized when incubated in soil at 25°C (Westerman et al., 1988; 
Diaz et al., 2008).  Field trial results generally agree with laboratory incubations and recommend 
that 50 to 60% of the TN be considered as potentially available N (PAN) and counted towards 
the crop’s N requirement (Sims, 1987; Cooperband et al., 2002; Diaz and Sawyer, 2008).  
Unfortunately, limited information regarding N-fertilizer value of PL or other animal manures is 
available for cool-season crops like winter wheat (Triticum aestivum L.).  An accurate 
assessment of the PAN in PL would help reduce the production costs associated with wheat 
fertilization, which accounts for about 38% of wheat production costs (USDA-ERS, 2010).  
Application of PL in the spring exclusively to fields used for summer-grown crop 
production limits the times that manure can be practically and responsibly applied to fields.  
Application of manure in the winter is discouraged as bare soil, frozen soil, or lack of nutrient 
uptake by dormant crops may increase the risk for nutrient loss via runoff, leaching, or erosion 
(Philips et al., 1981).  However, manure application in late summer or fall to fields that will be 
seeded to winter cereal crops like wheat could serve as a potential best management practice and 
would extend the time that litter could be applied to fields with actively growing crops 
(Beckwith et al., 1998). 
Temperature is a major component controlling the rate of N mineralization in manure-
amended soils.  Agehara and Warncke (2005) showed that increasing temperatures from 15/10 to 
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25/20°C (14/10 h) increased net N release by 13% for partially composted chicken manure over 
a 12-wk period.  Based on aboveground N uptake, Crouse (1993) reported the average PAN 
coefficient of PL for winter wheat was 0.14 kg PAN kg-1 TN compared with the lone coefficient 
of 0.46 kg PAN kg-1 TN recommended for use in warm-season crops by the North Carolina 
Department of Agriculture.  Crouse (1993) suggested that the PAN of 0.46 kg PAN kg-1 TN was 
accurate for corn, but the PAN coefficient neglected to account for the slower mineralization of 
organic N under cooler soil temperatures experienced by winter wheat.  Sims (1986) reported 
that organic N in three PL samples was mineralized at 0°C, but the amounts and rates of 
mineralization were greater at 25 and 40°C.  Nitrification of mineralized organic N was also 
delayed at 0°C, which would aid in retaining the inorganic N for plant use.  Based on grain yield, 
leaf chlorophyll meter readings, and grain N uptake, Diaz and Sawyer (2008) estimated first-year 
crop N availability at 48% for corn fertilized with poultry manure in the late fall, winter and 
early spring preplant, with similar plant responses among application times.  Although not 
reflected in corn N response, soil treated with poultry manure applied in the fall and winter was 
lower in soil NO3-N compared soil treated with spring-applied PL, indicating that denitrification 
or leaching may have occurred.   
On average, Arkansas wheat growers generally apply urea at rates ranging from 100 to 
179 kg N ha-1 (Slaton et al., 2009).  Nitrogen is generally aerially applied as urea in two split 
applications in late winter (e.g., mid February followed by mid March applications) in order to 
increase N use efficiency (NUE).  However, the low N content of PL and bulkiness as a fertilizer 
source prevent aerial application to wheat in late winter.  The use of a ground spreader to apply 
PL in late winter to wheat fields may not be feasible because of wet soil conditions and/or 
damage to the growing crop.  Therefore, wheat producers are more likely to apply PL by a 
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ground spreader preplant or at-planting (e.g., September to October).  Currently, there are no 
recommendations that account for the PAN in PL for winter wheat production.  
 The primary research objectives were to determine 1) the inorganic N-fertilizer value of 
preplant (September) and at-planting (October) applied PL compared with the standard practice 
of applying urea-N fertilizer to wheat in a late winter split and 2) examine soil inorganic N 
content across time in PL-amended soils incubated at a temperatures ranging from 5 to 25°C.  
The ultimate research goal was to develop a recommendation on how to adjust late-winter urea-
N rates for winter wheat to account for the PAN of PL applied in the late summer or fall.  It was 
hypothesized that 1) wheat fertilized with PL-N applied preplant or at-planting would be 
significantly lower in plant growth, N uptake, and grain yield than wheat fertilized with 
equivalent amounts of inorganic N in a late-winter split and 2) N mineralization of PL incubated 
at cool temperatures would occur at a slower rate than at warmer temperatures. 
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MATERIALS AND METHODS 
Field Trials 
 Six field experiments, two initiated in 2009 and four in 2010, were conducted to 
determine the N-fertilizer value of fall-applied PL for winter wheat production.  Field studies 
were established at the Pine Tree Research Station (PTRS, Colt, AR) in 2009 and 2010 on a 
Calhoun silt loam (fine-silty, mixed, active, thermic Typic Glossaqualfs) following soybean 
(Glycine max L., PTRS-09) or rice (Oryza sativa L., PTRS-10Cn) and on a Calloway silt loam 
(PTRS-10Cy) following grain sorghum (Sorghum bicolor L.).  Field studies were also 
established at the Lon Mann Cotton Research Station (LMCRS, Marianna, AR) on a Memphis 
silt loam (fine-silty, mixed, active, thermic Typic Hapludalfs), which followed summer fallow 
(LMCRS-09) and a Loring silt loam (fine-silty, mixed, active, thermic Oxyaquic Fragiudalfs) 
that followed soybean (LMCRS-10).  In 2010, a field experiment was established at the Arkansas 
Agricultural Research and Extension Center (AAREC, Fayetteville, AR) on a Captina (fine-silty, 
siliceous, active, mesic Typic Fragiudult) silt loam, which had been summer fallowed following 
wheat harvest in June 2009.  The Calhoun and Calloway soil series are classified as poorly 
drained, the Captina and Loring are moderately-well drained, and Memphis series is classified as 
well drained (USDA-NRCS, 2010).   
Site Description 
 The research area at each site, except AAREC, contained 60 individual plots (5 replicates 
and 16 plots per replicate) that were 2.0-m wide by 6.1-m long.  At the AAREC, the research 
area contained 50 plots (5 replicates and 12 plots per replicate) that were 2.7-m wide by 6.1-m 
long.  One composite soil sample (0 to 10 cm) was collected from each replicate at each site 
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prior to fertilizer application. Each composite soil sample consisted of eight, 2.5-cm diameter 
cores.  Soil samples were oven dried at 50°C, crushed to pass a 2-mm sieve, extracted with 
Mehlich-3 (Mehlich, 1984), and analyzed using inductively coupled plasma atomic emission 
spectroscopy (ICP-AES).  Nitrate-N and NH4-N concentrations were determined by extraction 
with KCl (Mulvaney, 1996), total carbon (C) and N were analyzed by combustion (Vario Max 
CN, Elementar Americas, Inc., Mt. Laurel, NJ; Nelson and Sommers, 1996), and soil samples 
were analyzed for water pH (1:2 soil/water v/v ratio, Table 2.1). 
 Fresh broiler litter was obtained in July 2009 and August 2010 from a poultry grower in 
Madison County, AR, for the 2009 and 2010 experiment sites, respectively.  Poultry litter was 
collected from the poultry house after six flocks were reared on a bedding material of rice hulls 
and had received no aluminum sulfate (S. Becton, personal communication, 2010).  After 
collection, PL was homogenized using a concrete mixer and stored in sealed 67.5 L 
Rubbermaid™ containers until treatments were weighed into sealable plastic bags.  Six 
composite subsamples of PL were collected and analyzed on an ‘as-is’ or moist basis.  Each 
composite sample was homogenized using a coffee bean grinder (Black and Decker Model 
CBG5, Towson, MD) and, as Watson et al. (2003) describes, total C and N were determined by 
combustion (Vario Max CN, Elementar Americas, Inc., Mt. Laurel, NJ).  Ammonium and NO3-
N were extracted from a 0.5-g subsample of ground PL with 2 mol L-1 KCl and concentrations 
were analyzed by colorimetry (San+ autoanalyzer, Skalar Analytical B.V., Breda, the 
Netherlands; Peters et al., 2003).  A 0.5-to 1.0-g subsample of ground PL was also analyzed for 
P, K, and other nutrients by digestion using concentrated HNO3 and 30% (w/w) H2O2 (Kovar, 
2003;  Table 2.2).   
Characterization of Poultry Litter 
 22 
 
 Poultry litter was hand broadcast to a tilled soil surface to designated plots in September 
(preplant) and late October or November (at planting) at total N rates of 84 and 168 kg N ha-1.  
Within 8 h of each application, the entire research area was tilled to incorporate the PL.  
Incorporation at a 5-cm soil depth was performed with five passes of a do-all harrow (PTRS), 
rotary hoe (LMCRS), or triple K field cultivator (AAREC).  The evaluation of PL applied before 
and at planting was of interest because this was the time that growers would most likely apply 
PL to fields that would be cropped to winter wheat.  In 2009, the preplant applications of PL 
were made on 29 and 30 September for PTRS-09 and LMCRS-09, respectively.  The at-planting 
applications were made on 21 October at LMCRS-09 and 5 November at PTRS-09.  The initial 
plan was to make the at planting application in October, about one month after the preplant 
application, but frequent rainfall prevented field work until late October and November 2009.  In 
2010, the preplant applications were made on 14 September at PTRS-10Cn and PTRS-10Cy and 
15 September at LMCRS-10.  The at-planting applications were made on 12 October at AAREC-
10, 18 October at PTRS-10Cn and PTRS-10Cy, and 9 November at LMCRS-10.  Daily 
precipitation (Fig. 2.1) and soil temperature (10 cm depth, Fig. 2.2) at the LMCRS was obtained 
from the National Climatic Data Center (NCDC, 2011).  At the PTRS, daily precipitation (Fig 
2.1) was measured on site near the experiment station headquarters (2 to 3 km) from the actual 
experiments.  
Treatments 
 Each trial also included urea-ammonium sulfate (UASB) applied in late-winter at 22, 56, 
90, 123, 157, and 191 kg N ha-1 plus a no N control.  Each UASB rate consisted of 22 kg N ha-1 
as ammonium sulfate and the balance of each N rate was supplied as urea. The 22, 56, and 90 kg 
N ha-1 rates were applied as a single application in February. The 123, 157, and 191 kg N ha-1 
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rates were applied in two split applications with 90, 90, and 123 kg N ha-1, respectively, applied 
in February and the balance of each N rate applied in March. The first late-winter splits were 
applied on 02 March at LMCRS-09 and PTRS-09, 23 February at LMCRS-10, 27 February at 
AAREC-10, and 3 March at PTRS-10Cn and PTRS-10Cy. The second late-winter splits were 
applied on 21 March at AAREC-10, 22 March at PTRS-10Cn and PTRS-10Cy, 23 March at 
LMCRS-10, and 24 March at LMCRS-09 and PTRS-09.  The ammonium sulfate was used to 
facilitate even distribution of N, especially for the rates ≤56 kg N ha-1, and ensure that S was not 
a yield-limiting factor.  The UASB applied in February and March represented the standard N 
sources and application times used for winter wheat production in Arkansas.  All plots receiving 
the UASB, including the no-N control, were fertilized with 42 kg P ha-1 as triple superphosphate 
(460 g P kg-1) and 84 kg K ha-1 as muriate of potash (600 g K kg-1), which represented the total 
amount of P and K supplied by PL in the 84 kg PL-N ha-1 treatment.   
In 2009, wheat (‘Pat’) was drill seeded (135 kg seed ha-1) into conventionally tilled 
seedbeds on 21 October at LMCRS-09 and 5 November at PTRS-09.  Due to heavy rainfall (20 
cm) and subsequent poor emergence, the wheat at LMCRS-09 was sprayed with 0.6 kg acid 
equivalent glyphosate ha-1 [N-(phosphonomethyl)glycine] on 6 November, the soil was 
cultivated with a rotary hoe and replanted on 7 November 2009.  In 2010, wheat (‘Beretta’) was 
drill seeded (135 kg seed ha-1) into conventionally tilled seedbeds on 15 October at AAREC-10, 
18 October at PTRS-10Cn and PTRS-10Cy, and 9 November at LMCRS-10.  At all PTRS site-
years, each plot contained eight rows spaced 19 cm apart.  At all LMCRS site-years, each plot 
contained seven, 17.8 cm-wide rows. A 53 or 30 cm wide, plant-free border surrounded each plot 
at LMCRS and PTRS sites, respectively.  At AAREC-10, each plot contained 12 rows spaced 19 
General Wheat Management 
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cm apart, with a 30 cm wide, plant-free border surrounding each plot.  At PTRS-09, a tank 
mixture of mesosulfuron-methyl, sold under the name Osprey (Bayer Crop Science, Research 
Triangle Park, NC) and fatty acid methyl esters, sold under the name Methsoyoil (AgXplore 
International, Inc., Cape Girardeau, MO) was applied at 0.014 kg a.i. and 1.8 L ha-1, respectively, 
on 26 February 2010 to control annual bluegrass (Poa annua L.).  At AAREC-10, a tank mixture 
of thifensulfuron/tribenuron sold under the name Harmony Extra (Dupont, Wilmington, DE), 
mesosulfuron-methyl, and methylated seed oil sold under the name Noble (Estes Inc., Wichita 
Falls, TX) was applied at 0.016 kg a.i., 0.014 kg a.i., and 1.75 L ha-1, respectively, to control 
henbit (Lamium amplexicaule) and Italian ryegrass (Lolium perenne ssp. multiflorum).  At 
LMCRS-10, a tank mixture of thifensulfuron/tribenuron and methylated seed oil sold under the 
name Noble (Estes Inc., Wichita Falls, TX) was applied at 0.016 kg a.i. and 1.75 L ha-1, 
respectively, to control henbit.  
 At Feekes stage 10.5, tiller number and dry matter accumulation were measured in each 
plot.  Both measurements were made in the same 1-m long section from the first inside row.  Dry 
matter was measured by harvesting whole (aboveground) plants, 2.0 cm above the soil surface.  
The number of spike-bearing tillers was counted, the sample was placed in a labeled paper bag, 
dried to a constant weight in a forced-draft oven at 60°C, weighed for dry matter accumulation, 
ground to pass a 1-mm sieve, and a 0.15-g subsample was analyzed for N content by combustion 
(Vario Max CN, Elementar Americas, Inc., Mt. Laurel, NJ). Total N uptake was calculated as the 
product of dry matter and N concentration and expressed as kg N ha-1.  Nitrogen recovery 
efficiency was calculated by the difference method as described by Schindler and Knighton 
(1999).  Wheat was harvested with a small-plot combine at Feekes stage 11.4 and grain moisture 
Measurements 
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was adjusted to 130 g H2O kg-1.  Ten of 12 rows in each plot were harvested at AAREC-10 while 
seven wheat rows were harvested in plots at the other five site-years. 
Each experiment was a randomized complete block design with five blocks.  However, 
the treatment structure at AAREC-10 did not contain the preplant PL treatments because the 
study was not established until October (at-planting).  The treatments allowed for two statistical 
analyses of primary interest.  For each statistical analysis, site-years were analyzed separately 
because crop responses were variable among site-years.  The first analysis compared tiller 
number, dry matter, N uptake, and grain yield of the no-N control and the 84 and 168 kg PL-N 
ha-1 treatments applied preplant and at planting where treatments were arranged as a randomized 
complete block with N rate and application time as fixed effects.  Single-degree-of-freedom 
contrast statements were used to compare specific treatments or groups of treatments at each site-
year with significant differences interpreted when p< 0.10.  Statistical analyses were performed 
using the PROC GLM procedure in SAS version 9.2 (SAS Institute, Inc., Cary, NC). 
Statistics 
Secondly, the UASB rates (22 to 191 kg N ha-1) applied in late-winter were used to 
characterize tiller number, N uptake, and grain yield response of winter wheat as a function of N-
fertilizer rate.  Using treatment means, regression analysis was conducted for each site-year to 
define a response curve for each measurement using linear or quadratic models.  Although the 
no-N controls would have fit in the response curves, those treatments were not used in the linear 
or quadratic models defining wheat responses to N fertilization.  The defined response curves 
were used to estimate the UASB-fertilizer equivalence (FEQ) of PL applied pre-plant or at 
planting by using the response curve to predict the UASB-N rate that produced equivalent 
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growth or yield to the mean value of each PL treatment.  Data were analyzed by site-year using 
the PROC REG procedure in SAS version 9.2 (SAS Institute, Inc., Cary, NC).  
Laboratory Incubations 
 Laboratory soil incubations were initiated to determine the net amount of organic N 
mineralized from PL incubated at a range of temperatures.  Soil from two fields mapped as 
Calhoun (PTRS-09) and Memphis (LMCRS-09) silt loams was collected from the upper 10 cm.  
The soil was air dried inside a greenhouse, mixed, and crushed to pass a 2-mm sieve.  Three 
subsamples of each soil were collected and analyzed for chemical properties as described 
previously (Table 2.1).  Soil texture was determined in duplicate subsamples using the 
hydrometer method (Gavlak et al., 2003).  The Calhoun and Memphis silt loam soils were each 
composed of 9, 74, and 17% sand, silt, and clay, respectively. 
Soil Description 
Incubations were performed in 120 mL polypropylene vessels (6-cm diameter by 7.5-cm 
height) filled with 100 g soil.  The relationship between soil gravimetric water content and matric 
potential was determined using the Soil-Plant-Atmoshpere-Water program (v6.02.75, USDA-
ARS, Washington D.C.; Saxton and Rawls, 2006). This program uses the percent sand, silt, and 
clay plus soil organic matter to estimate the volumetric water content required to achieve a 
desired matric potential.  Based on a soil bulk density of 1.3 g cm-3, volumetric water content 
was converted to gravimetric water content.  The SPAW program estimated that -85 kPa 
corresponded to a gravimetric water content of 0.20 kg H2O kg-1 for each soil.  Deionized water 
was used to moisten the soil in each incubation vessel to the appropriate water content.  Both 
soils were composed of similar particle size fractions, therefore, each soil received the same 
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amount of deionized water to produce a uniform matric potential of -85kPa.  Throughout the 
duration of each incubation trial, soil moisture was checked every 5 d by weighing each vessel 
and adding the appropriate amount of deionized water.  Vessels designated for the 25ºC 
incubation were placed on laboratory benches and covered loosely with plastic wrap (Glad® 
Press’n Seal, Glad Products Co., Oakland, CA) at room temperature (~23ºC) for a 7 d 
preincubation period.  Vessels prepared for 15 and 5ºC incubations were placed inside an 
incubation chamber set at 15 and 5 ºC, respectively, and loosely covered with plastic wrap for a 7 
d preincubation. 
Poultry litter obtained for the 2009-2010 field season was used as the PL-N source for 
both soil incubation trials.  From the PL collected for the field trials, a 3.78 L plastic sealable bag 
was filled with PL, screened to pass a 3-mm sieve, and six subsamples were collected and 
analyzed prior to initiation of each incubation trial using the same methods previously described 
for the field trials (Table 2.2).  Each incubation included an untreated control (soil only, no N-
fertilizer added), urea (460 g N kg-1; Fisher Scientific, Fair Lawn, NJ), and PL.  Each treatment 
was replicated three times and vessels were arranged as a randomized complete block design 
within the incubation chamber.  Urea was weighed (~15.5 mg urea vessel-1) on an analytical 
balance to supply 71.5 mg N kg-1 soil (to the nearest ten thousandths, 0.0000 g) and added to the 
appropriate vessel.  Poultry litter was weighed (~294.4 mg PL vessel-1 for 25ºC , ~289.6 mg PL 
vessel-1 for 15ºC , and ~280.5 mg PL vessel-1 for 5°C) to supply a similar amount of N as the 
urea treatments.  The amount of N applied (based on soil weight) to incubation vessels 
corresponded to a similar amount of N recommended (~104 kg N ha-1) for wheat production in 
Arkansas.  The amount of PL used for the 5, 15, and 25ºC incubation trials changed based on PL-
Treatments 
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N content analyzed prior to the start of each experiment.  Because PL is generally not a 
homogeneous material, slight variations in N content were expected when analyzed.  The slight 
decrease in the amount of PL amended to each vessel was likely due to moisture loss between 
incubations as experiments were performed in order from high to low temperature using a single 
incubator.   
Extractions to quantify soil inorganic N content were performed 0, 4, 7, 14, 21, 28, 39, 
and 50 d after initiation of the 25ºC incubation, 0, 4, 7, 14, 21, 28, 39, 50, 60, 70, and 77 d for the 
15ºC incubation, and 0, 4, 7, 14, 21, 28, 39, 50, 60, 70, 80, and 90 d for the 5 ºC incubation trial.  
More sample times were included for the 15 and 5ºC incubation trials because N mineralization 
was anticipated to proceed at a slower rate.  At each sampling time, soil from each incubation 
vessel was transferred into a 1 L bottle, 500 mL of 1 mol L-1 KCl was added, and bottles were 
shaken on a reciprocal shaker at approximately 180 rpm for 1 h.  After shaking, the mixture was 
allowed to settle for 30 min and a portion of the supernatant was filtered and analyzed for NO3- 
and NH4-N with an auto-analyzer (San+ autoanalyzer, Skalar Analytical B.V., Breda, The 
Netherlands).  The difference of inorganic-N recovered between the untreated check and soil 
receiving N as urea or PL was calculated to account for mineralization of soil organic-N and 
estimate the percentage of fertilizer-N recovery [(Net inorganic-N ÷ total N added) × 100].  
Nitrate and NH4-N, expressed as percent of applied total N added, was calculated as [(Net NO3 
recovered ÷ N added) × 100] and [(Net NH4 recovered ÷ N added) × 100].  
 Incubation experiments were performed by temperature in single incubator beginning 
with the 25°C and ending with the 5°C temperature.  Both soils (Calhoun and Memphis) and N 
Statistics 
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sources (urea and PL) were represented in each experiment for each sample time with three 
replicates.  Soil receiving no urea or PL was also included to account for inorganic N originating 
from mineralized soil organic matter.  Soil NH4-N concentrations were not statistically analyzed, 
but were graphed against sample time to examine the fate of NH4-N.   
 A nonlinear sigmoidal regression model was used to estimate the accumulation of NO3-
N (Hadas et al., 1986; Diaz et al., 2008): 
                                         NO3− = 𝑎/{1 + (𝑎/[NO3−]0 − 1) exp (−𝑎𝑘[𝑡 − 𝑡0])}                            [1] 
where NO3- is the accumulated NO3-N (as a percentage of the total-N applied) at time t, a is the 
asymptotic value of NO3-, [NO3-]0 is the initial value of NO3- at time zero (t0), k is a constant, and 
t0 is equal to zero.  The product of a and k functions as a rate coefficient and the potentially 
available N (PAN) for each combination of N source and temperature is reflected in the ‘a’ 
value.  Statistical differences for a and ak values were calculated based on 95% confidence 
limits.  To fit Eq. [1] to the mean NO3-N concentrations measured at each sampling time, the 
nonlinear regression procedure PROC NLIN (SAS Institute, Inc., Cary, NC) was used.  Analysis 
of covariance techniques were used to allow for the comparison of coefficients for different soil 
and temperature combinations.  The day on which maximal NO3-N accumulation occurred was 
calculated as the day at which 95% of the a value occurred.  
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RESULTS AND DISCUSSION 
Fall-Applied Poultry Litter 
 Wheat receiving no N produced 79, 65, 86, 69, 60, and 55 tillers m-1 at AAREC-10, 
LMCRS-09, LMCRS-10, PTRS-09, PTRS-10Cn, and PTRS-10Cy, respectively.  Wheat 
receiving PL, averaged across application times and N rates, produced greater numbers of spike-
bearing tillers than the no-N control at each site-year except LMCRS-10 (Table 2.3). The 
LMCRS-10 site had the highest number of tillers for wheat receiving no N and showed no 
significant response for any of the five comparisons evaluated.  Wheat at four site-years 
responded positively to 84 kg PL-N ha-1 compared to wheat receiving no N with the non-
responsive sites including LMCRS-10 and AAREC-10.  The application of 168 kg PL-N ha-1, 
averaged across application times, increased tiller numbers by 16 to 40 tillers m-1 above the no-N 
control at AAREC-10, LMCRS-09, PTRS-10Cn, and PTRS-10Cy.  Wheat tiller number 
increased as PL-N rate increased from 84 and 168 kg PL-N ha-1 rates at three site-years including 
AAREC-10, PTRS-10Cy and PTRS-10Cn.  Wheat with PL applied at-planting produced greater 
number of tillers than preplant-applied PL only at PTRS-09. 
Tiller Response to Poultry Litter 
 In general, wheat responded positively to PL-N at five of six site-years. A positive 
response was expected because wheat receiving N in early growth stages can produce more 
tillers and increase plant vigor, especially when following a grain crop (Chapman et al., 1999).  
Wheat grown at LMCRS-10 showed no differences in the number of spike-bearing tillers among 
all treatment comparisons made in this study.  The LMCRS-10 soil had, relative to the other site-
years, high soil P and inorganic-N availability (Table 2.1) which may have promoted vigorous 
early season growth and reduced the benefit of fertilizer N compared to the other experiments 
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(Table 2.3).   Other environmental factors such as previous crop, crop residue, variable soil 
characteristics, and/or drainage patterns may have contributed to similarities or differences in 
tiller production among treatments within each site (Flowers et al., 2001).  Adequate tiller 
formation is directly related to achieving increased N uptake, and ultimately, maximizing grain 
yield of cereal crops (Miller et al., 1991; Rasmussen et al., 1997; Flowers et al., 2004).          
Nitrogen uptake of wheat receiving no N averaged 83, 75, 77, 89, 47, and 42 kg N ha-1 at 
AAREC-10, LMCRS-09, LMCRS-10, PTRS-09, PTRS-10Cn, and PTRS-10Cy, respectively.  
Winter wheat fertilized with PL, averaged across application time and N rate, accumulated 11 to 
43 kg N ha-1 more N than wheat receiving no N (Table 2.3). Application of 84 kg PL-N ha-1 
resulted in greater N accumulation than the no N control at four of six site-years, with AAREC-
10 and LMCRS-10 being the two exceptions.  At these two site-years, increasing the PL-N rate 
to 168 kg PL-N ha-1 resulted in greater N uptake than wheat receiving no N and 84 kg N ha-1.  In 
contrast, N uptake between the 84 and 168 kg PL-N ha-1 rates was statistically similar at 
LMCRS-09 and PTRS-09.  Nitrogen uptake increased incrementally as PL-N rate increased at 
PTRS-10Cn and PTRS-10Cy. The time of PL application had a significant influence on 
aboveground N accumulation by wheat only at PTRS-09 where the at-planting PL application 
accumulated 27 kg N ha-1 more N than PL applied preplant.   
N Uptake Response to Poultry Litter 
Excluding the site-years where fertilization with PL-N resulted in no additional N uptake 
than the control (AAREC-10 and LMCRS-10, Table 2.3), the apparent N uptake efficiency of 
PL-N was low, ranging from 20 to 51% and 12 to 34% for wheat receiving 84 and 168 kg PL-N 
ha-1, respectively, averaged across application times.  Raun and Johnson (1999) reported that the 
average N use efficiency of cereal crops was 29 to 42% of the applied N fertilizer.  However, 
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greater N use efficiencies for winter wheat are possible as Bashir et al. (1997) reported recovery 
of 74% of 15N-labeled urea-N applied in a late-winter split application. The literature contains 
few references citing manure-N fertilizer recovery efficiency for cool-season crops.  Based on 
grain-N uptake and chlorophyll meter readings, Diaz and Sawyer (2008) reported no significant 
difference among corn fertilized with poultry manure applied late-fall, winter, and spring 
preplant in Iowa suggesting that N loss during the winter was negligible.  Nitrogen uptake is an 
important factor influencing grain yield, as reflected in a linear relationship between yield and N 
use efficiency as reported by Arnall et al. (2009). 
 Winter wheat receiving no N yielded 2564, 2966, 3714, 2940, 1722, and 1833 kg ha-1 at 
AAREC-10, LMCRS-09, LMCRS-10, PTRS-09, PTRS-10Cn, and PTRS-10Cy, respectively. 
Wheat fertilized with PL, averaged across application times and N rates, produced yields 297 to 
1474 kg ha-1 greater than the no-N control (Table 2.3).  The application of 84 kg PL-N ha-1, 
averaged over application times, produced grain yields that were 508 to 920 kg ha-1 greater than 
wheat receiving no N at five of six site-years (Table 2.3) with the only site-year not responding 
to the low PL rate being AAREC-10.  Wheat yield at all site-years was increased by applying 
168 kg PL-N ha-1 compared to wheat treated with no N.  However, the application of 168 kg PL-
N ha-1 produced wheat yields greater than 84 kg PL-N ha-1 only at AAREC-10, PTRS-10Cn, and 
PTRS-10Cy (Table 2.3).  A possible explanation for wheat at those three site-years being more 
responsive to 168 kg N ha-1 than 84 kg PL-N ha-1 is previous crop residue (wheat, rice, and grain 
sorghum) high in C:N ratio may have immobilized a large proportion of the N applied at the 
lower N rate (Sanford and Hairston, 1984).  
Grain Yield Response to Poultry Litter 
 33 
 
Poultry litter application time, averaged across PL-N rates, had no significant influence 
on wheat yield at four of the five site-years that evaluated application time (Table 2.3).  Only at 
PTRS-09, did wheat yield respond favorably to delaying the PL application from September until 
October when wheat was planted.  Crouse (1993) and Slaton et al. (2010) also reported no 
differences in growth and yield of wheat receiving PL applied at planting compared to litter 
applied postemergence at various times during wheat growth.  The lack of growth and yield 
differences for PL applied at planting or postemergence is not surprising since a large portion of 
the N in PL becomes available within weeks after application (Agehara and Warncke, 2005).  
We had hypothesized that applying PL weeks in advance of planting, when air and soil 
temperatures are relatively warm, might result in a greater proportion of the organic N being 
mineralized and potentially available for wheat uptake. However, greater mineralization might 
also lead to greater N losses before wheat uptake of N since mineralized N would likely undergo 
nitrification and be susceptible to loss via leaching, runoff, or denitrification. The frequent 
rainfall totaling 355 mm occurred between the preplant and at-planting PL applications in 2009 
making N loss from the preplant application a plausible explanation for the observed differences 
on the poorly drained Calhoun soil at PTRS-09 (Fig. 2.1). 
The growth and/or yield benefits of fall-applied PL to winter wheat were positive, as 
reflected in the no-N versus wheat receiving PL-N comparison, but the magnitude of benefit was 
variable among the six site-years (Table 2.3).  Inherent variability in climate-related environment 
(among sites and/or years), crop management, soil fertility, and PL properties may have 
contributed to inconsistent growth and yield parameters of wheat receiving fall-applied PL 
treatments (Engoke et al., 2011; Stephenson et al., 1990).  Overall, there was no consistent 
benefit to yield, N-uptake, and tiller production when applying 168 kg PL-N ha-1 compared to 84 
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kg PL-N ha-1 (significant at three of six site-years, Table 2.3) or applying PL preplant versus at-
planting (significant at one of five site-years).  Therefore, wheat producers should consider 
applying PL in the fall at rates that satisfy the crop’s P and K requirements. While these results 
clearly show a benefit from fall applied PL, the goal of this project was to quantify an average 
amount of PAN so that recommended rates of fertilizer N could be adjusted to prevent over 
fertilization with inorganic N fertilizer of fields that receive PL. Thus, the fall application of PL 
as a N source for wheat must be compared to the standard practice of applying inorganic-N 
fertilizer in a late winter split to determine the amount of N to be credited towards growth and 
yield. 
Late-Winter UASB 
 Wheat fertilized with 157 to 191 kg UASB-N ha-1 produced the largest number of spike-
bearing tillers at each site-year with maximum tiller numbers ranging from 99 to 137 tillers m-1 
(Fig. 2.3).  At five of six site-years wheat spike-bearing tiller number increased linearly to 
increasing UASB-N rate (Table 2.4).  At LMCRS-10, neither the linear or quadratic model was 
significant suggesting UASB-N rate had no significant influence on tiller number, most likely 
because of high native soil N.  Application of PL-N also had no significant effect on tiller 
number (Table 2.3) at LMCRS-10, which had the largest number of tillers of wheat receiving no 
N among all site-years.   
Tiller Response to Late-Winter UASB 
Wheat tillering at PTRS-10Cy was the most responsive site to UASB-N, as reflected in 
the slope being numerically greatest among site-years (Table 2.4 and Fig. 2.3).  This may have 
occurred because grain sorghum residue with a high C:N ratio may have immobilized inorganic 
soil N and N mineralized from the added PL (Sanford and Hairston, 1984).  At PTRS-10Cn and 
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PTRS-09, the production of spike-bearing tillers responded similar as these site-years had 
numerically comparable intercept and linear coefficients.  Tillers were increased by 28 and 47 
tillers m-1 at AAREC-10 and LMCRS-09, respectively, by increasing UASB-N from 22 to 157 
kg N ha-1 (Fig 2.3).  With the exception of LMCRS-10, wheat tillering was, overall, responsive 
to UASB-N applied in a late-winter split.  Splitting N fertilizer applications between Feekes 
growth stages 2 and 4 can be beneficial for tiller production (Weisz et al., 2001).     
N Uptake Response to Late-Winter UASB
 Wheat receiving 191 kg UASB-N ha-1 accumulated the greatest amounts of aboveground 
N at five of six sites with actual N uptake values ranging from 183 to 334 kg N ha-1 (Fig 2.4).  At 
PTRS-10Cy, aboveground N uptake was maximized (158 kg N ha-1) by application of 157 kg 
UASB-N ha-1.  Nitrogen uptake at three of six sites (AAREC-10, LMCRS-09, and PTRS-10Cy) 
responded positively and linearly to increasing UASB-N rate, while the remaining sites increased 
quadratically (Table 2.4).      
  
 The apparent recovery of UASB-N for the three sites exhibiting a linear increase in N 
uptake ranged from 48% for AAREC-10 to 114% for LMCRS-09 (Table 2.4).  Although the 
quadratic response model was significant for LMCRS-10, PTRS-09, and PTRS-10Cn the linear 
response models for PTRS-09 (kg N uptake ha-1 = 63.2 + 1.35x) and PTRS-10Cn (kg N uptake 
ha-1 = 39.1 + 0.94x) were also strong with each having R2 values of 0.98.  Like the LMCRS-09, 
the linear slope coefficients suggest that apparent UASB-N recovery was near or better than 
100% at PTRS-09 and PTRS-10Cn.  Determination of fertilizer N uptake by the difference 
method sometimes artificially inflates fertilizer recovery due to the priming effect or N fertilizer 
enhancing soil N uptake (e.g., larger root systems; Westerman and Kurtz, 1973; Jenkinson et al., 
1985).  
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For the LMCRS-10, the linear model (kg N uptake ha-1 = 75.4 + 0.45x) was significant 
and provided a more accurate estimate of N uptake by wheat receiving no N (Fig. 2.4) than the 
quadratic model (Table 2.4), but the linear model had a relatively low R2 (0.66).  The quadratic 
response defined for LMCRS-10 suggests soil N availability varied within the research area, a 
significant portion of the UASB-N applied in mid-February may have been lost or immobilized, 
or both.  Significant loss of UASB-N from the first split application (February) seems plausible 
since total N uptake for wheat fertilized with 0 to 90 kg UASB-N ha-1 fluctuated (Fig. 2.4), 
showing no distinct trend to increase as N rate increased. Further evidence of potential loss from 
the first application is that UASB-N rates ≤90 kg UASB-N ha-1 were applied in a single 
application compared to two split applications for rates >90 kg UASB-N ha-1.  Applying N in a 
late-winter split compared to a single late-winter application has been shown to increase N use 
efficiency (Baethgen and Alley, 1989; Scharf and Alley, 1993).  A review of the LMCRS-10 
information shows that the first late-winter N split was applied on 23 February and rainfall on 24 
and 25 February totaled 47 mm with daily maximum and minimum temperatures the week 
fowling application averaging 18 and 4°C, respectively.  The linear model suggests an average 
apparent UASB-N recovery of 45% compared to the quadratic model which predicted apparent 
UASB-N recoveries ranging from 24 to 55% with UASB-N rates of 56 to 191 kg N ha-1 
(excluding the 22 kg UASB-N ha-1, Table 2.4).   
Grain Yield Response to Late-Winter UASB
Wheat grain yield increased positively and nonlinearly (quadratic) as late winter UASB-
N rate increased at all site-years except PTRS-10Cn and PTRS-10Cy where yield increased 
linearly as UASB-N rate increased (Table 2.4 and Fig. 2.5).  The UASB-N rate predicted to 
produce maximal wheat grain yields was greater than the highest applied N rate (191 kg N ha-1) 
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at four of the six site-years (LMCRS-09, PTRS-09, PTRS-10Cn and PTRS-10Cy).  The 
nonlinear models predicted 153 and 181 kg UASB-N ha-1 was needed to maximize grain yields 
of wheat grown at the AAREC-10 and LMCRS-10, respectively (Table 2.4). Although the linear 
yield responses to the applied UASB-N rates were unexpected, they were not surprising 
considering that most crops grown at PTRS tend to require more N than the standard 
recommended amount (N.A. Slaton, personal communication, 2011; Roberts et al., 2011).  
Linear yield increases to N rate have been reported for winter wheat (Sanford and Hairston, 
1984), but nonlinear crop yield responses are usually expected when the applied N rates are high 
enough.  The linear yield responses at PTRS-10Cn and PTYRS-10Cy may be partially due to the 
previous crop residues.  Rice and grain sorghum would have produced more total residue with 
high C:N ratios that could have immobilized greater proportions of soil and fertilizer N than 
when wheat following summer fallow or soybean (Mary et al., 1996; Bhogal et al., 1997).       
Fertilization of winter wheat with late-winter applied UASB-N increased tiller number, N 
uptake, and grain yield at most site-years (Fig. 2.3 – 2.5).  In most cases, 157 to 191 kg UASB-N 
ha-1, the two greatest N rates used in these experiments, maximized tiller number, N uptake, and 
grain yield. The one exception to this generalization was LMCRS-10 where UASB-N rate had no 
consistent effect on tiller number. With the exception of AAREC-10, wheat grown at LMCRS-
10 had the smallest overall grain yield increase to late-winter N fertilizer (Fig. 2.5) suggesting 
higher soil N availability that would produce near optimal tiller production or that wheat yield 
was limited by another factor.  Nitrogen uptake by wheat increased linearly as N rate increased at 
three site-years while the remaining three responded quadratically.  The linear models were also 
strong in describing N uptake at these site-years, possessing R2 values of 0.98.  Nitrogen uptake 
models estimated 24 to 114% of the late-winter applied UASB-N was recovered among the six 
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site-years (Table 2.4).  The use of tiller number, N uptake, and grain yield response curves may 
be an effective tool to estimate the N-fertilizer equivalency (FEQ) of PL applied preplant or at-
planting and coefficients to estimate PAN (Motavalli et al., 1989).  Previous research has 
reported that similar winter wheat yields are produced with like N rates regardless of whether the 
N was applied in the fall or late winter (Brown and Petrie, 2006; Woodard and Bly, 1998). 
 
Fertilizer Equivalence of Poultry Litter 
 The UASB-N response curves were used to estimate the UASB-N FEQ of PL applied at 
each rate, application time and site-year (Table 2.5). The mean number of spike-bearing tillers 
and aboveground N uptake at Feekes stage 10.5 and grain yield of wheat fertilized with PL was 
entered into the appropriate UASB-N response equation (Table 2.4) to predict the UASB-N rate 
that produced the equivalent growth or yield (Table 2.5).  The calculated FEQ values divided by 
the total PL-N application rate provides a PAN coefficient that can be used to refine N fertilizer 
rates (Table 2.6).  Assuming that one-half of the TN in poultry liter is available during the first 
year of application would result in FEQ values of 42 and 84 kg UASB-N ha-1 for the 84 and 168 
kg PL-N rates and a PAN coefficient of 0.50 kg UASB-N kg-1 PL-N.  Our hypothesis was that 
PAN in PL would be less than 50% for winter wheat because cool temperatures would limit 
mineralization during the fall and winter months (Crouse, 1993; Engoke et al. 2011).  
 The FEQ values for each of the three growth parameters (tillering, aboveground N 
uptake, and grain yield) varied considerably among site-years, PL-N rates, and litter application 
times (Table 2.5). The PAN values for each PL-N rate and application time combination within 
each site-year could be characterized as either highly variable or consistent for each parameter 
(Table 2.6). In general, the PAN values from LMCRS-09, PTRS-10Cn and PTRS-10Cy tended 
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to be much more consistent than PAN values from AAREC-10, LMCRS-10 and PTRS-09.  
Although specific reasons for the observed variability are unknown, the variability is likely from 
the interaction of PL heterogeneity, climate, soil properties, and research management factors 
that influenced N loss/retention pathways, especially when a difference occurred between litter 
application times (PTRS-09). 
The FEQ for tillering (Table 2.5) showed the greatest variability producing PAN values 
of 0.0 and 1.14 kg UASB-N kg-1 PL-N and will not be discussed in great detail as total N uptake 
at Feekes stage 10.5 and grain yield are likely the two most important parameters on which to 
base PAN (Table 2.6). The AAREC-10 had the lowest and highest FEQ for tillering of all site-
years which ranged from no available N to near equal N availability. Excluding the AAREC-10 
site, PAN ranged from 0.05 to 0.79 kg UASB-N kg-1 PL-N with and overall average (including 
AAREC-10) of 0.35 kg UASB-N kg-1 PL-N. 
The PAN values based on aboveground N uptake and grain yield showed some 
variability, but tended to be consistent (i.e., lower range) for like N rates and application times 
within each site-year (Table 2.6).  The FEQ (Table 2.5) for aboveground N uptake at LMCRS-10 
and PTRS-09 was calculated using the linear equations given previously rather than the quadratic 
equations listed in Table 2.4.  A strong linear (Y = 2.7 + 1.27x, R2 = 0.80 where Y = FEQ for 
grain yield and x = FEQ for N uptake) relationship existed between the predicted N uptake and 
grain yield FEQ values (Table 2.5).  When calculated across all observations, the mean PAN 
values for N uptake at Feekes stage 10.5 and grain yield were 0.30 and 0.39 kg UASB-N kg-1 
PL-N, respectively (Table 2.6).  Previous research has suggested grain-yield based PAN values 
of 0.20 kg urea-N kg-1 PL-N (Slaton et al., 2009), 0.30 to 0.33 kg urea-N kg-1 PL-N (Slaton et al., 
2010), and 0.37 (range 0.21 to 0.61) UAN-N kg-1 PL-N (Engoke et al., 2011) for PL applied to 
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winter wheat at various times during the wheat growing season.  The range of PAN values from 
our six site-years of research encompasses and, on average, is slightly higher than the PAN 
values reported by earlier research for winter wheat and lower than those reported for upland 
crops like corn (Crouse, 1993; Cooperband et al., 2002; Diaz and Sawyer, 2008).    
The PAN values for the two different PL application rates were numerically comparable 
in our research (Table 2.6).  In contrast, Engoke et al. (2011) reported that PAN decreased as PL-
N rate increased, because grain yields between the two applied PL rates were often similar.  This 
same effect was observed in some of our site-years (LMCRS-09, PTRS-09, and PTRS-10Cn), 
but other site-years showed that yield increased as PL-N rate increased and resulted in 
comparable PAN values.  Overall, the N uptake and grain yield based PAN values represent a 
range of production environments including multiple site-years, previous crops,  soil drainage 
classes, and PL and fertilizer application times that may well represent geographic areas outside 
of Arkansas with similar soils, topography, and climate.   
The heterogeneous nature of PL chemical and physical properties may also play a role in 
the inconsistency of growth and yield parameters of wheat receiving fall PL treatments (Bitzer 
and Sims, 1988) making a single PAN value a practical, albeit a somewhat imprecise value. This 
research demonstrated no consistent grain yield, N-uptake, or tiller production benefits when 
increasing PL-N rate from 84 to 168 kg PL-N ha-1 or from applying PL preplant versus at-
planting.  Based on these field trials, producers should fall apply PL at rates that meet the wheat 
crop’s P and K requirements and adjust the recommended late-winter N application considering 
35% of the total PL-N applied as plant available.  As inorganic fertilizer prices rise, applying PL 
to fulfill a portion of the crop’s macronutrient requirements may be a cost effective management 
strategy for wheat growers.   
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Wheat receiving PL-N at PTRS-10Cy had the highest yield-based FEQ (86 kg UASB-N 
ha-1 averaged across PL-N rate and application times) among site-years and was consistent with 
results from N-uptake based FEQ.  The magnitude of growth increases from PL (Table 2.3) 
further support that wheat grown at PTRS-10Cy was more responsive to PL-N than other site-
years.  The yield-based FEQ, averaged across PL-N rates, for wheat receiving PL at AAREC-10 
was 17 kg UASB-N ha-1, which was the lowest FEQ coefficient among site-years (Table 2.5).  
The 84 kg ha-1 PL-N rate at AAREC-10 consistently produced similar tiller number, N uptake, 
and grain yield as wheat receiving no-N resulting in a FEQ of 0 kg UASB-N ha-1.  At AAREC-
10, PTRS-10Cn, and PTRS-Cy, applying 168 kg PL-N ha-1 resulted in higher fertilizer 
equivalency values than 84 kg PL-N ha-1.  Previous wheat, rice, and grain sorghum crop residues 
high in C:N ratio may have immobilized a significant portion of the N applied as a lower N rate 
(Bhogal et al., 1997; Sanford and Hairston, 1984). 
 The overall average PAN coefficients of fall-applied PL-N were consistent among tiller 
number, N uptake, and yield response, ranging from 0.30 to 0.39 kg UASB-N kg-1 PL-N (Table 
2.6).  However, some variability in PAN coefficients among PL-N treatments and site-years was 
observed.  The interaction of climate, soil conditions, research management, and the 
heterogeneous nature of PL may have played a role in the inconsistency of growth and yield 
parameters of wheat receiving fall PL treatments (Bitzer and Sims, 1988; Engoke et al., 2011).   
Incubation Trials 
 Poultry litter and urea were incubated in the Memphis (LMCRS-09) and Calhoun (PTRS-
09) soils at three temperatures representing the range of soil temperatures that occur between 1 
September and 15 June (Fig 2.2). Soil NH4-N content followed similar trends across time in both 
Soil NH4-N Concentrations 
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soils at each incubation temperature, but the trend differed between N sources (Fig. 2.6).  For 
urea-amended soil, the increase in the concentration of NH4-N at 0 d was negligible at all three 
temperatures in both soils indicating that urea-N had not yet been hydrolyzed into NH4-N when 
the amended soil was extracted.  However, by 4 or 7 d, urea hydrolysis appeared to be complete 
or near complete.  Peak NH4-N concentrations occurred at 4 or 7 d for each temperature and 
declined rapidly for the 15 and 25°C temperatures in both soils, remained high in the Memphis 
soil at 5°C, and declined very gradually in the Calhoun soil at 5°C. For PL amended soil, NH4-N 
accounted for 15 to 28% of the total applied N at 0 d and declined rapidly in the 15 and 25°C 
temperatures, or gradually for about 20 d in soil incubated at 5°C.  Chemical analysis of PL 
showed that 12 to 19% of the total N existed as NH4-N, suggesting that 5 to 9% of the organic N 
was converted to NH4-N within 2 h after PL addition.  Diaz et al. (2008) also noted rapid 
mineralization of PL-N with peak NH4-N levels occurring within 3 d after manure addition.      
NO3-N Accumulation at 25°C
Nitrate-N concentration was used to estimate mineralization since it is formed following 
nitrification of mineralized organic N or urea hydrolysis and also provides insight on the form of 
N that is most susceptible to loss.  Nitrate-N accumulated quite rapidly in soil incubated at 25°C 
for soils amended with urea- and PL-N (Fig 2.7).  At 25°C, the Calhoun soil reached maximum 
NO3-N accumulation in 11 and 28 d for urea and PL, respectively, while the Memphis soil 
accumulated near maximal amounts of NO3-N at 18 d for urea and 33 d for PL (Table 2.7).  At 
25°C, 90 (Calhoun) to 98% (Memphis) of the total-N applied as urea was recovered as NO3-N 
whereas recoveries of total PL-N were significantly lower than urea, ranging from 20 (Calhoun) 
to 31 (Memphis) % of the total-N applied.  These results suggest nitrification of both N sources 
was more rapid and immobilization was apparently greater in the Calhoun soil.  Diaz et al. 
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(2008) recovered 55 and 66% of total-N applied as turkey and layer manure, respectively, in 
Iowa soils incubated at 25°C.  The differences in mineralized N between our experiments may be 
partially explained by litter chemical properties.  The two poultry manures used by Diaz et al. 
(2008) contained a lower C:N ratio (6.8 to 7.1:1) and a greater proportion of the total N as 
inorganic N (33 to 34%) than the PL used in our study (Table 2.2, C:N = 9.1 to 9.4:1 and 14 to 
21% of total N as inorganic N). The literature shows that a wide range of organic N in PL may 
be mineralized (Sims, 1986; Bitzer and Sims, 1988) and the range encompasses our trials and 
those reported by Diaz et al (2008).    
Maximum accumulation of NO3-N for urea at 15°C was significantly less than the NO3-N 
recovered at 25°C for both soils (Fig. 2.7 and Table 2.7).  The rate coefficients (ak) for urea 
incubated at 15°C were numerically lower, but not significantly different than the coefficients for 
urea incubated at 25°C (Table 2.7).  Maximum NO3-N accumulation in urea-amended soil 
occurred 22 and 11 d in the Calhoun soil and 31 and 18 d in the Memphis soil at the 15 and 25°C 
temperatures, respectively.  Within each soil, the coefficients for a and ak in PL-amended soil 
were similar for the 15 and 25°C temperatures. In PL-amended soil, maximal soil NO3-N 
concentrations were reached after 44 and 43 d in the Calhoun and Memphis soils, respectively.  
In both soils, the peak soil NO3-N concentrations required 10 to 16 d longer at 15°C than 25°C.              
Nitrate Accumulation at 15°C 
 The formation and accumulation of NO3-N in soil amended with urea and PL at 5°C was 
much slower than at 15 and 25°C temperatures (Fig 2.7 and Table 2.7).  Although our objective 
was not to statistically compare soils, the Calhoun soil amended with urea accumulated more 
NO3-N (62% of total-N applied) than the urea amended Memphis soil (10% of total-N applied) 
NO3-N Accumulation at 5°C 
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suggesting that the nitrification rate of the Calhoun soil was more rapid.  Compared to the 
Memphis soil, the Calhoun soil required numerically fewer or near equal days to accumulate 
peak NO3-N concentrations for each N source at the 15 and 25°C incubation temperatures.  At 
5°C, mean NO3-N accumulation was not successfully modeled for the PL-amended Calhoun soil, 
therefore, statistical comparisons could not be made with other treatments.  For the Memphis 
soil, only 3 and 10% of the total N applied as PL and urea, respectively, was recovered as NO3-N 
during the 90 d, 5°C incubation.  Because only a portion of the NH4-N fraction underwent 
nitrification, summing the NH4-N and NO3-N fractions may provide a more accurate estimate of 
mineralized organic N from PL at 5°C.  For the Calhoun soil, the sum of NO3- and NH4-N 
recovered accounted for 100 and 17% of the total-N applied as urea and PL, respectively.  For 
the Memphis soil, 97% of the total-N was recovered for urea and 19% for PL.  In both soils, the 
sum of NO3- and NH4-N recovery was numerically lower at 5°C than recovery of applied N as 
NO3-N at 15 and 25°C (Table 2.7).  Similar to our results, Sims (1986) showed less N was 
mineralized from PL incubated for 90 d at 0°C compared to 25°C.              
 Results from the incubation trials indicate that rapid mineralization and nitrification of 
PL- and urea-N occurred at 15 and 25°C, which were common average daily soil temperatures in 
Marianna, AR until November (Fig. 2.2).  From December through February, 5°C soil 
temperatures are common in eastern Arkansas and may limit mineralization and then nitrification 
of organic N in most years.  Laboratory incubations conducted at 5°C indicated that less overall 
inorganic soil N was present from PL amended soil during the duration of the incubation 
compared with 15 and 25°C (Fig. 2.6 and 2.7) suggesting the mineralization and nitrification 
processes were both limited by the cool temperature.  For the 15 and 25°C incubations, the 
amount of PL-N recovered as NO3-N ranged from 19 to 31% of the total PL-N applied and 
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approximates the mean PAN coefficients of 0.31 to 0.39 kg UASB-N kg-1 PL-N from the 22 PL 
applications made in six field experiments (Table 2.6).      
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CONCLUSION 
Our research indicated that the growth and/or yield benefits of fall-applied PL to winter 
wheat were positive, as shown by the no-N versus wheat receiving PL comparison, but the 
magnitude of benefit was variable within and among site-years.  Wheat yield increased at only 
three sites when PL rate was increased from 84 to 168 kg N ha-1 and only one site-year (PTRS-
09) showed a significant difference between PL application times, with PL applied at-planting 
increasing growth/yield above PL applied preplant. The PAN coefficients of PL-N as determined 
by UASB fertilizer applied in February and March varied considerably among site-years for each 
of the three parameters evaluated.  However, the overall average PAN coefficients of fall-applied 
PL-N based on tiller number, N uptake, and grain yield were relatively consistent ranging from 
0.30 to 39 kg UASB-N kg-1 PL-N.  Combining the grain yield-based PAN coefficient in our 
research with PAN coefficients proposed by Slaton et al. (2009; 2010) provides a more robust N 
availability estimate and gives an overall PAN coefficient of 0.31 kg urea or UASB-N kg-1 PL-
N.  Laboratory incubation trials conducted at 5, 15, and 25°C further support field-based PAN 
coefficients.  Poultry litter incubated at 15 and 25°C showed that 19 to 31% of the total added 
PL-N was mineralized and recovered as NO3-N in 28 to 44 d.  When the incubation temperature 
was reduced to 5°C, mineralization of organic N and nitrification of NH4-N declined.   
Wheat growers should be advised to apply PL to winter wheat in the fall when field 
conditions and resources (e.g., time, equipment, labor, etc…) allow.  Poultry litter should be 
applied at rates needed to supply the soil test recommended amounts of P and K since application 
of the high rate of litter did not always increase wheat N uptake and yield compared to the low 
rate.  Although the nutrient content and characteristics of PL can be highly variable and the 
amount of organic N mineralized may vary among soils and years, the recommended PAN 
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coefficient of 0.31 kg UASB-N kg-1 PL represents 45 PL applications from ten experiments 
conducted in Arkansas.  Having PL analyzed for nutrient content and visually comparing the 
growth of wheat fertilized with PL to wheat receiving no PL may help growers adjust for 
differences in PAN among litter sources, soils, and field environments.  Multiplying the total PL 
N rate (kg N ha-1) by 0.31 will provide a reasonable and science-based approximation of the 
equivalent amount of UASB-N that was applied as PL so that late-winter N fertilizer application 
rates can be adjusted to reduce the likelihood of over-fertilization with N.      
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Table 2.1.  Selected soil chemical property means  of field experiments (n = 5) and laboratory (n = 3) incubations at the Arkansas 
Agricultural Research Extension Center (AAREC), Lon Mann Cotton Research Station (LMCRS), and Pine Tree Research Station 
(PTRS), all on silt loam soils in the 2009 and 2010 growing seasons. 
  Total soil Mehlich-3 extractable Soil inorganic N 
Site Year pH C N P K Ca Mg S Na Fe Mn Zn Cu B NO3-N NH4-N 
 -----g kg-1----- ---------------------------------------------------mg kg-1------------------------------------------------ 
Field experiments                    
LMCRS-09 6.4  5.9 0.72 40 128 1126 183 23 10 148  80 1.0 1.3 0.9   4.3 9.6 
LMCRS-10 7.6  7.5 0.97 50 142 1439 416 19 21 236 160 5.6 1.6 0.3 22.0 3.6 
PTRS-09 7.6 10.5 0.97 27 131 1847 334 37 28 227 333 1.4 1.5 1.4  7.3    10.9 
PTRS-10Cn 7.0  8.9 0.92 27 137 1700 445 33 86 241 271 1.1 1.3 0.2 29.0 7.6 
PTRS-10Cy 7.2 9.9 0.99 17 100 1437 231 18 40 180 324 1.1 1.0 0.1   5.9 4.7 
AAREC-10 7.2 9.7 1.03 39 156 1317   52 12   4   98 232 3.0 3.5 0.1 12.5 9.9 
Soil incubations                      
Memphis 6.4   5.9 0.63 42 126 1123 163  6 25 189   88 1.6 1.8 0.9   2.7 7.8 
Calhoun 7.5 10.7 0.87 29 140 1844 319  7 27 333 349 1.8 1.8 1.1   3.3 4.6 
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Table 2.2.  Selected mean properties of poultry litter (PL) used for field experiments (n = 6) and laboratory incubations (n = 6). 
Year or 
Temperature 
 Total nutrient content  
pH C N P K Ca Mg S Fe Mn Zn Cu NO3-N NH4-N Moisture 
  ------------------------------------g kg-1------------------------------------- -----mg kg-1----- g kg-1 
N-fertilization trials  
2009 8.8 264 29.4 15 29 20 5.8 6.1 0.5 0.6 0.3 0.2 539 2752 245 
2010 8.7 262 34.2 15 32 22 6.3 5.9 0.2 0.6 0.3 0.2 264 3814 262 
Laboratory incubation trials  
5ºC 8.8 232 25.5 16 32 22 -- -- -- -- -- -- 443 3061 234 
15ºC 9.0 232 24.7 14 31 23 -- -- -- -- -- -- 435 4000 269 
25ºC 9.0 224 24.3 14 31 23 6.2 6.0 2.0 0.7 0.3 0.2 382 4632 280 
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Table 2.3.  Analysis of variance p-values and treatment differences for spike bearing tiller number and aboveground N uptake at 
Feekes stage 10.5, and grain yield as affected by poultry litter (PL) N rate and/or application time for winter wheat grown at six site-
years in 2009 and 2010. 
 Treatment Comparison 
 No-N vs. PL No-N vs. 84 kg PL-N ha-1 
No-N vs. 168 kg PL-N 
ha-1 
84 vs. 168 kg PL-N 
ha-1 
Preplant vs. at-
planting‡ 
Site-year P-value Difference† P-value Difference P-value Difference P-value Difference P-value Difference 
Spike-bearing tiller number (tillers m-1) 
AAREC-10   0.0183     12 0.9452   0   0.0006    24   0.0014     25 -- -- 
LMCRS-09   0.0016     18 0.0085 17   0.0031    19   0.7462      2 0.3661   -5 
LMCRS-10   0.4815      -3 0.2487  -7   0.9568      0   0.2705      6 0.4309    4 
PTRS-09   0.0166     13 0.0078 17   0.1429     9   0.1477     -9 0.0457  12 
PTRS-10Cn   0.0009     13 0.0294   9   0.0003   16   0.0565      8 0.7932    1 
PTRS-10Cy <0.0001     29 0.0034 18 <0.0001   40   0.0006     22 0.4783  -4 
N uptake (kg N ha-1) 
AAREC-10   0.0062     25 0.7911   2   0.0002    48   0.0007     46 -- -- 
LMCRS-09   0.0022     38 0.0152 33   0.0024    42   0.4726      9 0.8451   -2 
LMCRS-10   0.0357     11 0.7971   1   0.0016    20   0.0029     19 0.6927   -2 
PTRS-09   0.0243     31 0.0080 43   0.2005    20   0.1303    -23 0.0760   27 
PTRS-10Cn   0.0002     25 0.0123 17 <0.0001    33   0.0292     15 0.7138    2 
PTRS-10Cy <0.0001     43 0.0029 24 <0.0001    62 <0.0001     38 0.8837   -1 
Yield (kg ha-1) 
AAREC-10   0.0023   297 0.5907   52 <0.0001    541   0.0006  -490 -- -- 
LMCRS-09 <0.0001   849 0.0004 727 <0.0001    971   0.1588   244 0.6612 -74 
LMCRS-10   0.0096   624 0.0770 508   0.0058    739   0.4042   231 0.8689   44 
PTRS-09   0.0007   856 0.0022 912   0.0031    799   0.6682  -112 0.0044 834 
PTRS-10Cn <0.0001 1084 0.0075 680 <0.0001 1489   0.0033   808 0.7595 -73 
PTRS-10Cy <0.0001 1474 0.0002 920 <0.0001 2029 <0.0001 1109 0.1847 261 
† Difference calculated using the mean of each treatment or group of treatments as PL-N – no N, 84 kg PL-N – no N, 168 kg PL-N – 
no N, 168 kg PL-N – 84 kg PL-N, and at-planting – preplant. 
‡ No preplant application was made at AAREC-10.
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Table 2.4.  Regression coefficients for spike-bearing tiller numbers and  aboveground N uptake at Feekes stage 10.5, and grain yield 
of wheat as affected by urea-ammonium sulfate blend (UASB) N rate (22-191 kg UASB-N ha-1) for six site-years in 2009 and 2010. 
  Parameter Estimate  
  Intercept Linear Quadratic  
Site Regression ---------------Coefficient (SE)--------------- R2 
 y = tillers (tillers m-1) and x = N rate (kg N ha-1) 
AAREC-10 linear**     81.0(5.3)*****   0.12 (0.04)**   NS† 0.65 
LMCRS-09 linear***     73.6 (4.6)*****   0.27 (0.04)*** NS 0.93 
LMCRS-10 NS     86.4 (4.9)***** NS NS -- 
PTRS-09 linear****     68.3 (4.1)*****   0.36 (0.03)**** NS 0.97 
PTRS-10Cn linear***     61.9 (5.5)****   0.35 (0.05)*** NS 0.94 
PTRS-10Cy linear***     61.3 (7.9)***   0.43 (0.07)*** NS 0.92 
 y = N uptake (kg N ha-1) and x = N rate (kg N ha-1) 
AAREC-10 linear***     86.8 (7.4)***   0.48 (0.06)*** NS 0.94 
LMCRS-09 linear****     79.6 (16.2)*   1.14 (0.13)**** NS 0.95 
LMCRS-10 quadratic**   119.6 (20.9)**  -0.72 (0.46) ‡   0.0055 (0.0021)* 0.90 
PTRS-09 quadratic****     92.1 (10.0)***   0.59 (0.22)*     0.0036 (0.0010)** 0.99 
PTRS-10Cn quadratic****     20.9 (8.9)*   1.42 (0.19)*** -0.0023 (0.0009)* 0.99 
PTRS-10Cy linear**     45.4 (10.6)**   0.63 (0.09)*** NS 0.93 
 y = grain yield (kg ha-1) and x = N rate (kg N ha-1) 
AAREC-10 quadratic*** 2639 (149)**** 14.6 (3.2)** -0.0478 (0.0148)** 0.94 
LMCRS-09 quadratic***** 2980 (87)***** 29.2 (1.9)**** -0.0733 (0.0087)** 0.99 
LMCRS-10 quadratic*** 3503 (166)**** 21.9 (3.6)*** -0.0605 (0.0166)** 0.98 
PTRS-09 quadratic**** 2803 (129)**** 23.2 (2.8)*** -0.0478 (0.0129)** 0.99 
PTRS-10Cn linear***** 1851 (127)***** 21.9 (1.0)***** NS 0.99 
PTRS-10Cy linear*** 1856 (303)*** 16.7 (2.5)*** NS 0.92 
† NS, not significant at the 0.10 level.                                                                                                                              
‡ Linear coefficient for N uptake at LMCRS-10 was not different than zero at the 0.10 probability level.                                                                   
*, **, ***, ****, ***** indicate to significance at the 0.10, 0.05, 0.01, 0.001, and 0.0001 probability levels, respectively. 
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Table 2.5.  The urea-ammonium sulfate blend (UASB)-N fertilizer equivalency (FEQ) of poultry 
litter (PL) applied at two N rates (84 and 168 kg N ha-1) and application times to winter wheat at 
six site-years in 2009 and 2010. 
Site-year Application 
time 
Tillering N uptake Grain yield 
84 kg N 168 kg N 84 kg N 168 kg N 84 kg N 168 kg N 
  FEQ (kg UASB-N ha-1)† 
AAREC-10 At planting 0 192 0 88 0 33 
LMCRS-09 
Preplant 39 46 21 39 28 38 
At planting 16 24 29 28 25 33 
LMCRS-10 
Preplant   NS‡ NS    0§   32§ 30 61 
At planting NS NS   28§   12§ 53 41 
PTRS-09 
Preplant 35 8   42¶   19¶ 23 29 
At planting 66 46   56¶   45¶ 78 61 
PTRS-10Cn 
Preplant 20 37 34 42 42 65 
At planting 17 46 31 50 19 70 
PTRS-10Cy 
Preplant 30 83 34 91 52 109 
At planting 23 71 30 91 46 135 
FEQ 
Mean 27.3 61.4 30.5 48.8 36.0 61.4 
SD 18.5 53.8 14.3 28.7 21.0 33.8 
†  Values predicted using equations listed in Table 2.4 unless stated otherwise. 
‡  NS, the relationship was not significant (p<0.10; Table 2.4). 
§  Values predicted using linear equation (kg N uptake ha-1 = 75.4 + 0.45x). 
¶  Values predicted using linear equation (kg N uptake ha-1 = 63.2 + 1.35x). 
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Table 2.6.  Estimated potentially available N coefficients (PAN) of poultry litter (PL) applied at 
two rates (84 and 168 kg N ha-1) and application times before wheat establishment as compared 
to a urea-ammonium sulfate blend applied in the late winter to winter wheat at six site-years in 
2009 and 2010. 
Site-year Application 
time 
Tillering N uptake Grain yield 
84 kg N 168 kg N 84 kg N 168 kg N 84 kg N 168 kg N 
  PAN (kg UASB-N kg-1 PL-N)† 
AAREC-10 At planting 0 1.14 0 0.52 0 0.20 
LMCRS-09 
Preplant 0.46 0.27 0.25 0.23 0.33 0.23 
At planting 0.19 0.14 0.35 0.17 0.30 0.20 
LMCRS-10 
Preplant   --‡ -- 0 0.19 0.36 0.36 
At planting -- -- 0.33 0.07 0.63 0.24 
PTRS-09 
Preplant 0.42 0.05 0.50 0.11 0.27 0.17 
At planting 0.79 0.27 0.67 0.27 0.93 0.36 
PTRS-10Cn 
Preplant 0.24 0.22 0.40 0.25 0.50 0.39 
At planting 0.20 0.27 0.37 0.30 0.23 0.42 
PTRS-10Cy 
Preplant 0.36 0.49 0.40 0.54 0.62 0.65 
At planting 0.27 0.42 0.36 0.54 0.55 0.80 
N rate mean 0.33 0.37 0.33 0.29 0.43 0.37 
Overall mean 0.35 0.30 0.39 
† Values calculated using the FEQ value listed in Table 2.5 divided by the total PL-N rate. 
‡ No prediction was made because the relationship was not significant (Table 2.4). 
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Table 2.7.  Model coefficients and predictions made by a nonlinear regression model (Hadas et 
al., 1986; Diaz et al., 2008) characterizing the accumulation of NO3-N as a percentage of the 
total applied N for each N source incubated at 25, 15, and 5°C incubations in two silt loam 
soils.† 
  a  ak [NO3-]0  
Temperature 
(°C) N source Estimate SE¶ Estimate SE Estimate SE day‡ 
Calhoun soil 
25 Urea   90a§ 2 0.51a 0.07 5.60 2.10 11 
15 Urea 80b 2 0.30a 0.04 2.02 0.94 22 
5 Urea 62c 5 0.11b 0.02 0.06 0.08 89 
25 PL 20d 3   0.16ab 0.08 3.88 2.27 28 
15 PL 19d 2 0.15b 0.07 0.44 0.77 44 
5 PL -- -- -- -- -- -- -- 
Memphis soil 
25 Urea 98a 2 0.34a 0.04 3.52 1.12 18 
15 Urea 87b 2 0.24a 0.03 0.96 0.52 31 
5 Urea 10d 3 0.18b 0.21 0.00 0.00 69 
25 PL 31c 3 0.14b 0.04 5.23 2.11 33 
15 PL 26c     12 0.14b 0.05 0.92 0.98 43 
5 PL   3d 3   0.21ab 0.91 0.00 0.00 78 
† a is the asymptotic value of accumulated NO3-N; ak is a rate coefficient; [NO3-]0 is the initial 
concentration of NO3-N at time zero. 
‡ Day at which accumulated NO3-N reaches maximum. Calculated as the time at which 95% of a 
occurs. 
§ Means followed by the same letter are not statistically different (p<0.05). 
¶ SE multiplied by 1.994 provides estimate of 95% confidence limits for each estimate.
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Fig 2.1.  Daily precipitation data obtained from the National Climatic Data Center (2011) for the 
weather station located at Lon Mann Cotton Research Station (LMCRS) in Marianna, AR.  Daily 
precipitation data from Pine Tree Research Station (PTRS) was collected at the experiment 
station within 2 to 3 km from the actual experiments.  Day of growing season represents 1 
September (day 1) through 15 June (day 288) for 2009-2010 and 2010-2011 growing seasons. 
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Fig 2.2.  Daily soil temperature (10-cm depth) data obtained from the National Climatic Data 
Center (2011) for the weather station located at Lon Mann Cotton Research Station (LMCRS) in 
Marianna, AR.  Day of growing season represents 1 September (day 1) through 15 June (day  
288) for 2009-2010 and 2010-2011 growing seasons. 
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Fig. 2.3.  Mean spike-bearing tiller number as affected by late-winter urea-ammonium sulfate 
blend (UASB) N rate to estimate inorganic N-fertilizer equivalency of poultry litter (PL) applied 
at two rates and times to wheat at six site-years in 2009 and 2010.  Regression coefficients are 
listed in Table 2.4.     
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Fig. 2.4.  Mean aboveground N uptake as affected by late-winter urea-ammonium sulfate blend 
(UASB) N rate to estimate inorganic N-fertilizer equivalency of poultry litter (PL) applied at two 
rates and times to wheat at six site-years in 2009 and 2010.  Regression coefficients are listed in 
Table 2.4.    
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Fig. 2.5.  Mean grain yield as affected by late-winter urea-ammonium sulfate blend (UASB) N 
rate to estimate inorganic N-fertilizer equivalency of poultry litter (PL) applied at two rates and 
times to wheat at six site-years in 2009 and 2010. Regression coefficients are listed in Table 2.4.   
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Fig. 2.6.  Extractable NH4-N from Calhoun and Memphis silt loam soils amended with urea and 
poultry litter (PL) and incubated at 25, 15, and 5°C.   
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Fig. 2.7.  Nitrate-N accumulation (percent of total-N applied) in Calhoun and Memphis silt loam 
soils amended with urea and poultry litter (PL) and incubated at 25, 15, and 5°C.    
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